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Ceramics are inorganic, non-metallic solids that are made up of either metal or non-metal compounds. Ceramics are regularly in the form of oxides, nitrides and carbides. Common ceramic materials include alumina (aluminium oxide), silica, silicon carbide and silicon nitride. Materials composed of clay minerals are considered to be ‘traditional ceramics’ along with cement and glass (Callister & Rethwisch, 2011). 
The properties of ceramics are greatly influenced by the processing technique, therefore how a ceramic is processed is an important role in determining how the ceramic can be used due to its properties (Loehman, 2000). 
This report will explore the traditional existing process methods used to manufacture ceramics and compare these processes with new developing methods. The report will compare the different processes and identify the changes to improving the properties of the final product. 
[bookmark: _Toc58507739]Material Limitations
[bookmark: _Toc58507740]Structure of Ceramics
The interatomic bonds of a ceramic are either totally ionic, or mainly ionic with some covalent atmosphere, which is due to ceramics being compounds between metallic and non-metallic elements (Callister & Rethwisch, 2011). 
Black & Kosher, 2012, associates ceramics’ crystalline structures, bonded ionically, covalently or a combination of both, with their high melting point, hardness and rigidity properties. The bonds however, lack free electrons which in turn results in ceramics being poor themal and electrical conductors and thin sections having poor transparency. According to Black & Kosher, 2012, ceramics that contain one or more metallic element plus a non-metallic element will ionically bond, whereas if the ceramic contains pure or more than one non-metallic element they will bond covalently. 
Dr. Dmitri Kopeliovich, 2012, explains that mixed bonding within the ceramic structure varies in ratio between ionic and covalent. The ratio is dependent on the specific elements’ ability to attract electrons from the atoms of another element (electronegativity) in which determine the dominating bonding mechanism. 
Metallic ions are positively charged within an ionic ceramic structure, valence electrons transfer to the non-metallic ions creating a negative charge, subsequently metallic ions are cations and non-metallic ions are anions. The ions are densely packed due to the attraction between the opposite charges. To obtain stable structures, the number of oppositely charged ion neighbours is maximised to create an electrically neutral crystal and the surrounding anions are in contact with the cation. The relative size of the ions, with anions typically being larger than cations, along with the magnitude of electrical charge present on each ion are factors that influence the crystal structure. 
The relationship between cation-anion radius ratio relating to the coordination number determines the geometry of the crystal structure. (Callister & Rethwisch, 2011). 
A simple ionic ceramic structure is one of sodium chloride which has a face centred cubic structure due to the relative size of ions being different, positive ions can be fitted in “tetragonal” or “octagonal” spaces which are created among larger negative ions. The structure contains positive sodium (Na+) and negative chloride ions (Cl-) and has a coordination number of 6, meaning an ion is surrounded by 6 other ions of opposite charge, the structure is given the name “rock salt structure” with the likes of magnesium oxide, calcium oxide and iron oxide belonging to the same group (Park, 2008).  
[image: ]
Figure 1 – image illustrating a face centred cubic structure with octahedral holes like that of a sodium chloride structure (Lower, 2020). 

Alumina (Al2O3) has a hexagonal close packed structure due to the formation of the O2- ions, the positive ions fill 2/3rds of the ‘octahedral sites, resulting in a third being left vacant (Park, 2008).  Alumina is an ionic-covalent solid containing strong chemical bonds that are the origin of several of its characteristics. Alumina has low electrical and thermal conductivity, high hardness and a high melting point, which makes shaping by casting difficult and machining complex and costly. Alumina is very brittle and great consideration is taken when designing alumina components due to this (C.Piconi, 2011). 
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Figure 2 – image illustrating aluminium oxide hexagonal close pack structure (Curkovic, 2008). 

Silicon is an important element in regards to ceramics, as it is the second most abundant element on earth and has a stable tetrahedral unit structure making it extremely versatile. Silicon is a crystalline metalloid and therefore displays metalloid properties as it is able to expand its valence shell as well as be transformed into a semi-conductor. Silicon is generally found in silicate compounds such as silica (SiO2), a stable oxide of silicon. The composition of silica is that of one silicon atom with four single bonds to four oxygen molecules. Four single bonds are formed with each oxygen atom as silicon’s 3p orbitals are more energetically favourable to create four single bonds rather than two double bonds with each oxygen (Thomas Bottyan, 2020). 
The basis of silicate minerals is formed by SiO4-4 tetrahedron, as each oxygen ion bonded to the silicon cation are left with a net charge of -1, enabling SiO4-4 tetrahedral group to be bond to other cations. Only corner oxygens are shared with other SiO4-4 groups (Nelson, 2014 ). 

[image: Image result for silicon tetrahedron]
Figure 3 – diagram of tetrahedron silicon – oxygen (Zhang, 2016).

The most widely used raw material in ceramics are clays that consist of fine particles of hydrous aluminium silicate. When mixed with water, hydrous aluminium silicate becomes a plastic substance that is formable and mouldable. Clay fuses into a dense, strong material when undergoing ‘firing’ heat treatment making it a useful material as it can be shaped while wet and soft then fired to obtain the final hard product. 
A variety of products can be made from ‘traditional ceramics’ these include; 
· Pottery and tableware – clay is usually combined with silica to produce products such as earthenware, stoneware and china. 
· Brick and Tiles – various low-cost clays containing silica and gritty matter are to make building brick, clay pipe, unglazed roof tile as well as drain tiles. 
· Refractories- Refractory ceramics are usually in the form of bricks, crucial to industries that require furnaces to heat materials as they have advantageous properties such as being resistant to high temperatures, thermal insulation, and resistant to chemical reaction with materials being heated. 
· Abrasives – grinding wheels and sandpaper are usually alumina and silicon carbide. 
(Groover, 2011)





[bookmark: _Toc58507742]Existing Processes 
Molten ceramics and particulate ceramics are the two basic categories in regards to the processing of ceramics. Glass-working is the major category of molten ceramics. 
The starting material in glass-working is silica combined with other oxide ceramics which form glass. The hard solid material is firstly heated to transform into a viscous liquid, which is then shaped while in a vastly plastic state. The material remains in a glassy state, rather than crystallizing, when it is allowed to cool and harden. The shaping stage of glass working is achieved by various processes such as casting, pressing, blowing and rolling and, depending on the product being made, a finishing step could also be required (Groover, 2011).
Particulate ceramics comprise of traditional and new ceramics. The difference between traditional ceramics and new ceramics is the raw material. New ceramics are made from synthetically produced raw materials whereas traditional ceramics are made from naturally occurring minerals. The starting material for both types of ceramics however is powder, therefore the manufacturing sequence is similar (Groover, 2011). 
According to Groover, 2011 to obtain the powder starting material, operations such as crushing and grinding are applied to the raw ‘rocky lump’ material to sieve to the desired size range. Once the powder form is achieved, water is added to enable plastic forming and a paste like material is attained. Here other components such as clay or non-plastic materials are added to prevent unwarranted shrinking. Water agents can be added to the mixture to improve mixing and fluxes can be added to assist sintering and vitrification. The amount of water added can impact the shaping process. There are three main techinological routes to shape traditional ceramics, which are dry shaping, thermo plastic shaping and wet shaping (Tassilo Moritz, 2018). 
Dry Shaping 
Dry shaping involves ‘uniaxial pressing’ or ‘isostatic pressing’. To produce relatively simple shaped parts in large series, uniaxial pressing is applied (Tassilo Moritz, 2018). A rigid die is used to compact the powder and apply pressure in a single direction, (Nur, 2018). 
Nur, 2018 explains how isostatic pressing allows more complicated shapes to be fashioned compared to uniaxial pressing although the cost of production is higher and more time consuming. The process involves the powder being placed in a rubber container and uniform pressure being applied with the use of liquid. 
Semi - dry pressing involves the use of high pressure to force the material into a die cavity. The material is of low plasticity due to proportion of water in the starting clay being 10%-15%. The water content in the starting clay in dry pressing is below 5%, binders are therefore added to the dry powder to provide strength in the pressed part and lubricants are used to prevent die sticking during pressing and ejection. Products produced by dry pressing include bathroom tiles, electrical insulators and refractory bricks. Good accuracy is achieved in the dimensions of the final product as no dry shrinkage occurs (Groover, 2011). 
Thermo-plastic Shaping
In order to plastically form, the starting material must have a plastic consistency, Groover, (2011) describes that the plastic consistency is achived by adding ‘15% to 25%’ water to the powdered material. Thermo plastic shaping can be carried out both manually or mechanically. Lower water content is used during mechanical methods, as where higher water content is used greater level of shrinkage is experienced when drying. Manual methods of this shaping process include hand modelling and hand moulding. The mass of plastic clay is manually manipulated to the desired shape, with products of this method generally being art and pottery (Groover, 2011). 
Mechanised thermo-plastic shaping includes processes such as plastic pressing and extrusion. Plastic pressing involves pressing a ‘plastic clay slug’ between two moulds which are made of porous material allowing moisture to be removed when a vaccum is drawn on the backs of them. Products such as houseware plates and bowls are produced using this method. The extrusion process produces long sections of uniform cross sections as the ceramic mixture is forced through a die opening, then cut to length to make products such as pipes and tubes (Groover, 2011). 
Wet Shaping / Slip Casting 
A slip is a suspension of ceramic powders (clay) in approximately 25%-40% water. When the slip is poured into a porous mould commonly made of plaster, the water from the ‘slip’ is absorbed by the mould, leaving a solid layer on the mould wall. The mixture must be sufficiently fluid to flow into the crevices of the mould but lower water content is more desirable for fast production. The slip is poured until the desired wall thickness is attained and as the cast dries, it shrinks and releases from the mould to be further processed (Caillister, 2011) (Groover, 2011). 
Drying and Firing 
Significant porosity and insufficient strength for most applications is retained by a ceramic product that has been formed thermo-plastically or by slip casting. The product may also still contain some of the liquid (water) that was added to assist the forming stage. The drying process removes the excess liquid and enhances the density and strength of the product (Caillister, 2011). 
[bookmark: _Toc58507743]Development of New Processes
Refractory ceramics have outstanding properties that include the capacity to withstand high temperatures without melting or decomposing along with the capacity to remain unreactive and inert when exposed to severe environments. Refractory ceramics also have the ability to provide thermal insulation. The composition of ceramics largely influences the performance of the refractory. Fine particles are involved in the formation of a bonding phase which is accountable for the increased strength of the brick. To produce the best suitable brick for specific service, the microstructural porosity is a variable that must be controlled. The reduction of porosity increases the strength load bearing capacity as well as the resistance to attack by corrosive metals. However, reducing the porosity of the microstructure can negatively affect insulation properties and the resistance to thermal shock (Caillister, 2011).
Carbon containing refractories are used in ladle metallurgy due to having good thermal shock resistance and excellent slag-corrosion resistance. Carbon has a low wettability with molten slag and high thermal conductivity therefore plays an important role in this type of refractory (Sing, et al., 2014 ).
At Tata Steel Port Talbot the torpedo ladles are lined with alumina-silicon carbide-carbon (ASC) bricks. Torpedo ladles primary function is to transport molten metal from the blast furnace to the steel making area therefore they must be able to withstand high temperatures, have an insulation effect, prevent heat loss as well as prevent high shell temperatures and be chemically and physically stable (Winkler, 2016).
ASC bricks consist of alumina, silicon carbide, graphite (carbon), antioxidant and binder. The bricks are made under high pressure and have excellent resistance to thermal shock due to the graphite having a non-wetting nature and slag corrosion at high temperatures due to alumina being the main constituent making it a very suitable to be used in torpedo ladles (Sing, et al., 2014 ). 
The formation of a dense layer of Al2O3 on the working surface of ASC brick improved the corrosion and penetration resistance. Carbon oxidises resulting in a porous structure with poor strength and corrosion resistance, so the use of antioxidants prevents the oxidation of carbon and retains the bricks’ structure along with their properties. The presence of high carbon in ASC bricks makes the reduction of carbon content in steel difficult. There is an environmental issue surrounding the high production of carbon, carbon monoxide and carbon dioxide forms as carbon oxides, which are released to the atmosphere. The development of low carbon content in ASC refractories that can retain the thermo-mechanical properties is highly important not only for an environmental reason but also for the production of low/ultra-low carbon steels (Sing, et al., 2014 ). 
Alumina-silicon carbide is manufactured by adding fine aluminium powder to a body of silica-alumina refractory compound (Hayashi, 1978).  The ceramic composition is fabricated using powder metallurgy comprising of blending the matrix and reinforcement particles in a wet medium, filtration, drying, compaction of composite powders, sintering and hot extrusion process (Muhammad Rashad, 2015). 
Sing, 2014 explains that the raw materials are mixed to transform all the solid components and the liquid addition into a macro homogenous mixture. The mixture can then be moulded/shaped by the use of a uniaxial hydraulic press and a steel mould. Once the desired shape has been formed, heat is applied in the form of ‘tempering’. According to Sing, (2014), tempering heats the refractory at a lower temperature to remove volatile matter from the organic green binders giving enough ‘green strength’ for handling. The chemical bond and bonding phases are devloped in the refractory grains during tempering. 
Due to high demand in steel industry there is a large requirement for further improvements to the properties of ASC refractories. Sing, (2014) details some improvement studies involving the use of nanocarbon tubes for the use as carbon sources for low carbon refractories. Graphene is a type of nanocarbon that is a single-atomic layer of graphite consisting of hexagonally bonded carbon atoms that are extremly stong yet flexible. Graphene has excellent properties, it is the “strongest known material”, is an excellent thermal conductor and is chemically inert. The process to obtain pristine graphene is very expensive though processes are being developed that yield high quality graphene at lower costs (Callister & Rethwisch, 2011). 







Discussion 
The utilisation of ceramics in the manufacturing industry is increasing rapidly in various sectors. Ceramics have a wider capability to replace metals and other materials in use due to their excellent properties. The nature of ceramics’ chemical structure and bonding abilities being a mixture of strong ionic and covalent bonds accounts for the high melting points and hardness ceramics experience, however the bonding nature is also responsible for the brittleness of ceramics and the cause of fracturing when tension is applied without plastic deformation. 
The processing of ceramics is different when compared to the processing of metals.  The brittleness as well as high melting points need to be taken into consideration and processes such as casting, rolling and forging are not suitable. To form a ceramic, the raw starting material must be in powder form, whether it is crushing natural raw materials into powders or by synthetically producing the raw material. Most traditional ceramics involve the addition of water to create plasticity, which provides the ability for it to be easily shaped. 
The main benefit of being able to synthetically produce the raw material for advanced ceramics is the ability to have more control over the properties of the final product. Advanced ceramics can be made and tailored for a specific requirement. The processing of advanced ceramics sometimes uses applications that are more complicated than the traditional methods and injection moulding, 3D printing and tape casting are some of these processes. Some shaping processes however are used for traditional and advanced ceramics, with slip casting and pressing being such examples. Additives can be added to advanced ceramics to control material limitations such as cracking. Advanced ceramics have exceptional advantages in properties such as high temperature resistance, thermal insulation and wear resistance.
With continuous improvement to composition, structure and technology, new ceramics develop rapidly. The development of nano-ceramic materials has made great achievements for example, which is why the research and development of new functional ceramics is very important.
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